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FOREWORD 


"Collision  Frequencies  ~ad  Energy  Transfer  :  Electrons"  is 
the  first  in  a  series  of  two  papers  dealing  with  the  general  subject 
of  elastic  collision  processes  and  energy  transfer  applied  to  the 
constituents  of  the  upper  atmosphere.  This  series  will  be  published 
In  Planetary  and  Space  Science  during  1966. 

AVAtfT-PROPOS 


"Collision  Frequencies  and  Energy  Transfer  :  Electrons"  est 
He  premier  de  deux  travaux,  dont  le  sujet  gdndral  est  l'dtude  des  pro¬ 
cessus  de  collision  dlastique  et  de  transfert  d'dnergie  appliques  aux 
constituantj  de  1 ' atmosphere  supdrieure.  tes  rdsuitats  de  ces  recher- 
clies  seront  publics  en  1966  dans  la  revue  Planetary  and  Space  Science. 

VOORWOOHD 


"Collision  Frequencies  and  Energy  Transfer  :  Electrons"  is 
het  eerste  in  een  reeks  van  twee  werken  die  handelen  over  het  algeieeen 
onderwerp  :  processen  van  eiastische  botsing  en  energie-overdracht,  toe- 
gepast  op  de  bestanddelen  van  de  hogera  atmosfeer.  Deze  reeks  zal  ge- 
publiceerd  worden  in  Planetary  and  Space  Science  in  de  loop  van  1966. 


VORWORT 


"Collision  Frequencies  and  Energy  Transfer  :  Electrons"  ist 
die  erste  Arbeit  eitier  Serie  von  zwel  Abhandlungen,  die  sich  auf  das 
general  Problem  der  elastiachen  Stossprozesse  und  dsr  EnergleCfbertragung 
in  der  hdheren  Atmosphatre  bezieht.  Diese  Arbeit  wlrd  im  laufenden  1966 
in  Planetary  and  Space  Science  hcrausgegeben  warden. 


COLLISION  FREQUENCIES  AND  ENERGY  TRANSFER  :  ELECTRONS 


by 

Peter  BANKS 


Abe  tract1 


A  study  is  made  of  the  problem  of  elastic  collisions  and  energy 
transfer  between  gases  which  have  separate  Maxwellian  velocity  distribu¬ 
tions.  It  is  shown  that  the  expression  for  the  energy  transfer  rate 
obtained  by  Desloge  (1962)  for  gases  of  arbitrary  teiaperatura  and  par¬ 
ticle  mass  can  be  adapted  into  &  convenient  form  which  involves  a  ratio 
of  particle  masses,  the  difference  in  the  gas  thermal  energies „  and  a 
collision  frequency  for  energy  transfer.  An  analysis  is  then  made  of 
the  collision  frequency  in  terms  of  an  average  momentum  transfer  cross 
section  which  is  defined  for  conditions  of  thermal  nonequilibrium.  The 
general  equations  are  next  specialized  to  consider  the  problem  of 
elastic  electron  collisions  in  heavy  particle  gases.  To  obtain  useful 
numerical  expressions  for  electron-neutral  particle  collision  frequen¬ 
cies  and  energy  transfer  rates,  an  analysis  has  been  made  of  the  momen¬ 
tum  transfer  cross  sections  for  N^,  Of',  0,  H  and  Her  Calculations  have 
also  been  made  of  the  Coulomb  momentum  transfer  cross  section,  collision 
frequency,  and  energy  transfer  rata. 


Rdsumd 


Nous  Atudiona  la  problteo  das  collisions  elastiques  et  du 
transfart  d'Anergie  entre  des  ayant  des  distribution  vitesse 
maxwel liennes  dif£4rentaa.  Nous  montrona  que  I'expression  de  transfer! 
d'Anergie  obtenua  par  Desloge  (1962)  pour  un  gaz  de  particules  de  tem¬ 
perature  at  de  masse  arbitraires  peut  litre  »ise  sous  uue  tot  sms  cowmode, 
qui  fait  intervenir  le  rapport  des  -asses  des  particules.  Is  difference 
das  Ancrgias  thermlquas  des  gas  et  un«  frequence  de  collision  pour  le 
transfect  d’4n*rgie,  Nous  anal.yson*  ensuite  If  frlquenca  de  collision  en 
function  d’une  section  afficace  moyenne  da  transfart  de  moment,  qui  ast 
dAfinia  pour  des  conditions  da  non~4qui libre  thermique,  Les  Aquations 
gAoArales,  sont  ensuite  adspt4«s  i  1'Atude  du  probiAw  descollisions  Alastr- 
ques  d'Alactrons  dsns  un  gar  de  particules  lourde*.  Afin  d'obtenir  des 
expressions  numAriquas  pratiques  pour  leg  frequences  da  collision  at  pour 
Las  vitassss  de  transfert  d'Anergie  entre  ALectrons  et  particules  neutres  . 
nous  analysons  las  sections  effieacas  da  tranefart  de  moment  pour  let  Aliments 
N^ .  0,,  0,  H  et  Ha.  Nous  avons  Agalement  AvaluA  la  section  afficace  de 
transfect  de  moment,  ia  friquence  de  collision  et  la  vitesse  de  transfect 
d’Auergl#  pour  des  interactions  coulcmbi annas. 
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2.- 


Samanvatting 


In  deze  tekst  worden  de  elastische  botsingan  en  energieoverdracht 
beotudeerd  tuasen  twee  g&saea  aet  verschillende  aaxwelliasnse  anelhelds- 
verdeling.  Ken  bewijst  vooreerst  dat  de  uitdrukking  van  Desloge  (1962) 
voor  de  enargieoverdraehtsaats  bii  gassen  met  villekeurige  temparatuur  en 
soortelijke  massa  cagevonad  kan  worden  In  een  uitdrukking  we Ike  de  ver* 
houding  der  soorteli  Jke  aaaea's  bavat  evenals  het  verschil  der  theraische 
energies  en  de  botaingsfrekwentle  voor  energieoverdracht.  Vervolgens 
wordt  deze  frekwentie  bestudeerd  in  funktie  van  een  geaiddelde  werkzame 
doorsnede  voor  overdracht  van  hoeveelheid  van  beweging  ingeval  geen 
thermisch  evenwicht  is,  Nadien  worden  de  bijzondere  vergelijkingen  ge- 
geven  voor  elastische  botsingen  van  electronen  in  zware  gassen.  Ten 
einde  bruikbare  nuaerieke  uitdrukkingen  te  bekooen  voor  de  botsings- 
frekwentie  en  de  energ ieoverdrachtsmate  tussen  electronen  en  neuttale 
deeltjes,  werd  een  bijzondere  studie  gewijd  aan  de  werkzame  doorsnede 
voorde  overdracht  van  hoeveelheid  van  beweging  ingeval  van  N^,  0, 

H  en  He.  Er  warden  eveneens  berekeningen  gemaakt  van  de  v^rkzane  door¬ 
snede  voor  everdracht  van  hoeveelheid  van  energie  blj  couloabiaanse 
verstrooilng.,  van  de  botsingsfrekwentie  en  energieoverdrachtsaate. 


Zu  samaen  fa  s : -mg 


Eine  Abhandlung  der  elastischen  Zusasnensttfsse  und  der  Energie - 
Ubertragung  zwischen  Gasc  ait  varschiedenen  Maxwell  -  Verteilungsfunktionen 
wird  ausgeftfhrt.  Es  wird  gezaigt,  dass  der  Ausdruck  der  Rnerglettbertra- 
gung  von  Desloge  (1962)  ftfr  Gasen  ait  willktfrlicher  Teaperatur  und  Masse 
in  elnac  praktiachen  Form,  die  voa  Varhaltnis  der  Maaaen,von  der  Differenz 
in  tharaiachen  Energie  und  von  elner  Zusasaenstosafrequenz  abhttngt, 
geschrieben  warden  kann.  Ole  Zuaaaaenatossfrequenz  wird  denn  studiert  ait 
Hilfe  etnas  aittleren  MoaentuaaCreuquerschnitttts,  der  far  richt  ther- 
aiachen  Equilibrium  definiert  let.  Die  allgeaeine  Glelchtingen  warden  auf 
die  elaatiachen  Zusa=ncnat?5gse  zwischen  Elektronen  und  schweren  Teilchen 
angewendet.  Urn  numerische  AusdrCcke  fOi  der  Energieitbertragung  und  fur 
der  Zuaaamenstcssfrequenz  zwischen  Electron  und  geladeneu  Teilchen  zu 
errelchen,  warden  die  Momentum*  treuquerach&its  f.tii  N^,,  0^,  0,  H  und  Hd 
analyslert.  Rechnungen  werden  auch  far  Hem  Coulomb  -  Moacn turns treuquer- 
schnitt  ,  far  der  Zusaaaenatoaafrequenz  und  fur  der  Energicabertragungs- 
koeffizient  durchgeftthrt. 
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l.~  INTRODUCTION 


In  order  to  understand  the  thermal  behavior  of  ionized 
atoms  or  molecules  which  are  subjected  to  selective  heating  pro¬ 
cesses  it  is  necessary  to  know  the  different  rates  of  collisions! 
energy  transfer  between  charged  and  neutral  particle  species.  Once 
these  have  been  determined  it  is  possible  to  use  energy  balance 
equations  to  derive  appropriate  temperatures  for  each  of  the  species 
present.  Hence,  in  all  generality  it  is  necessary  to  have  expres¬ 
sions  for  electron-ion,  electron-neutral,  and  ion-ion  energy  transfer 
rates.  The  use  of  the  full  set  of  such  energy  transfer  relations 
is  currently  required  in  the  theoretical  description  of  electron 
mid  ion  temperatures  in  the  upper  atmosphere. 

In  this  paper  an  investigation  is  made  of  elastic  collisions! 
energy  transfer  between  mixed  gases  of  arbitrary  particle  mass  having 
separate  Maxwellian  velocity  distributions.  It  Is  shown  in  Section  II. 
that  the  exact  equation  for  energy  transfer,  derived  by  Dcsloage  (I9b2), 
can  be  separated  into  three  fundamental  factors,  each  of  which  depends 
upon  a  different  aspect  of  the  collision  process  and  gas  composition. 

The  concept  of  a  nonequilibrium  collision  frequency  for  energy  trans¬ 
fer  is  introduced  for  particle  interactions  of  somewhat  arbitrary 
cross  section.  In  a  similar  manner  the  equations  leading  to  the  de¬ 
velopment  of  an  average  nonequilibrium  momentum  transfer  cross  section 
are  derived. 

Following  the  presentation  of  the  general  relations,  which 
are  valid  for  particles  of  arbitrary  mass  and  temperature,  the  results 
are  specialized  to  consider  elastic  collisions  between  electrons  and 
heavy  particles.  In  Section  III  we  consider  the  difficulties  invol¬ 
ved  in  deriving  average  momentum  transfer  cross  sections  for  electron  - 
heavy  particle  interactions. 
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For  electron  collisions  with  other  charged  particles  it  is  found 
that  the  classical  Rutherford  differential  scattering  cross  section 
can  be  used  to  arrive  at  results  which  are  in  accord  with  previous 
calculations.  The  problem  of  elastic  electron  collisions  with  neu¬ 
tral  particles  is  more  difficult  and  it  is  necessary  to  analyze 
both  laboratory  data  and  theoretical  derivations  in  order  to  arrive 
at  useful  sections  for  Nj ,  0^,  0,  He,  and  H. 

The  application  of  the  cross  section  data  is  made  in 
Section  IV  to  obtain  expressions  for  momentum  transfer  collision 
frequencies  and  rates  of  electron  energy  transfer.  A  comparison 
is  then  made  between  the  present  results  and  those  which  have  been 
used  in  earlier  studies  of  electron  energy  transfer  rates  as  applied 
to  the  problems  of  the  ionospher  ic  energy  balance - 

Section  V  is  devoted  to  a  general  summary  of  the  results 
of  this  study, 

2,-  BASIC  EQUATIONS 


1 ,  General  Derivation 

The  derivation  of  the  equation  which  describes  the.  rate  of 
energy  exchange  between  two  gases  with  Maxwellian  velocity  distributions 
having  different  temperatures  and  particle  masses  has  bean  made  by  Dea- 
lodge  (1962).  By  applying  velocity  distribution  techniques  to  the 
mechanics  of  elastic  collisions  he  was  able  to  evaluate  the  average 
rate  of  change  of  the  total  kinetic  energy  of  one  gas  as 
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(2b) 


q^Cg)  "2  n  J  a(g,Q)  (1-eos  9)  sin  6  d&  (2c) 

and 

U  -  gas  tot»l  kinetic  energy 

n  -  particle  number  density 

m  -  particle  mass 

1  -  Maxwellian  temperature 

k  -  Boltmann’s  constant 

g  -  relative  velocity  between  particles 

q^(g)  •  velocity  dependent  momentum  transfer  cross  section 

v  -  particle  velocity  in  laboratory  system 

d  v  -  velocity  space  volume  element 

&  -  center  of  mass  scattering  angle 

o(g*0)  ■  differential  scattering  cross  section 

t  *  velocity  distribution  function. 

Equation  (l)  is  valid  for  conditions  where  separate  Maxwellian  velocity 
distributions  can  b«  maintained  and  where  a  suitable  momentum  transfer 
cross  section  can  be  found.  In  particular,  Deslodge  (1962)  has  shown 
that  this  equation  accurately  describes  the  energy  transfer  rates  for 
both  elastic  spheres  and  Coulomb  particles. 


In  the  Interests  of  further  clarity,  it  will  now  be  shown 
that  It  is  possible  to  rearrange  equation  (1)  in  such  a  way  that  a 
deeper  physical  insight  can  be  obtained  into  the  problem  of  elastic 
collisional  energy  transfer  between  Maxwellian  distributions  of  par¬ 
ticle*  . 


6.- 


As  a  b:.e£  guide,  the  following  discussion  is  based  upon  a  simple 
model  of  energy  transfer  for  a  single  particle  moving  in  a  gas. 

By  defining  an  appropriate  collision  frequency  for  energy  transfer 
and  a  momentum  transfer  cross  section  it  is  possible  to  derive 
a  general  functional  form  for  the  energy  exchange  rate  between  two 
gases.  Such  a  fora  can  be  compared  with  equation  (1)  to  obtain 
specific  equations  for  the  collision  frequency  and  sswsintna  trans¬ 
fer  cross  section  which  ere  applicable  to  the  problem  of  energy 
transfer. 


Ve  consider  first  the  average  energy  loss  per  collision 
of  e  single  particle  of  mass  m^  and  kinetic  traveling  through 
s  gas  composed  of  particles  of  mass  m^  and  eve  rags  energy  e^.  The 
average  loss  of  kinetic  energy  per  collision,  Ae^,  for  this  single 
particle  Is,  as  shown  by  Crompton  and  Huxley  (1962), 


Ac 


r 


<w2 


<V  V 


(3) 


To  describe  the  rate  et  which  the  single  particle  losses 
energy  per  unit  time  we  may  introduce  the  concept  of  the  single  par¬ 
ticle  collision  frequency  given  by 


’u  *  V  V  w> 

with  n^  the  ambient  gas  number  density.  Since  this  quantity  repre¬ 
sents  the  collision  rate  of  e  single  particle  in  a  gas  me  may  now 
combine  equations  (3)  *&d  (4)  to  obtain  the  average  rate  et  which 
the  single  particle  losses  energy  as 
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7.- 


Ifi  instead  of  a  single  particle,  we  have  a  large  number 
of  particles  combining  to  fora  a  Ktxwe Ilian  gas  nixed  with  the  ori¬ 
ginal  gas ,  we  ssy  approximate  the  total  average  energy  exchange  rate 
by  the  expression 
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where  is  now  an  average  energy  which  corresponds  to  the  Maxwellian 
distribution  of  single  particles  which  we  permitted  to  become  the 
mixed  gas.  Likewise,  v^  is  now  an  average  collision  frequency  which, 
unlike  equation  (£),  must  now  be  suitably  defined  to  take  account  of 
the  many  different  relative  velocities  between  the  various  gas  particles. 


The  derivation  leading  to  equation  (6)  is  not  rigorous  since 
the  proper  averaging  technique?  of  kinetic  theory  needed  to  arrive 
at  an  exact  expression  have  not  been  used.  It  gives,  however,  a 
functional  form  for  the  energy  exchange  rate  between  two  gases  which 
can  be  used  to  decompose  the  original  exact  result  of  Des lodge  (1962), 
given  in  equation  (1),  into  three  factors  t  a  ratio  of  masses,  a  diffe¬ 
rence  in  average  particle  energies,  and  an  energy  transfer  collision 
frequency.  The  first  two  quantities  are  independent  of  the  mode  of 
interaction  between  the  two  gas  species,  depending  only  upon  the 
appropriate  amsses  and  average  gar  thermal  energies.  It  is  thus  the 
collision  frequency  which  must  contain  the  factors  which  relate  to  the 
lnterpertlele  forces. 


la  order  that  the  correct  form  for  an  average  collision 
frequency  any  be  synthesised  from  the  comparieonof  equations  (1)  end 
(6)  we  require  that  the  functional  form  of  the  average  collision 
frequency  be 


8.- 


V12  “  n2  8  QD  <*> 

which  allows  for  the  presence  of  an  arbitrary  numerical  factor  in 
the  final  result  for  The  quantity  g  is  the  Maxwellian  ave~ 

rage  relative  velocity  between  the  particles  of  the  two  gases  while 
Op  is  the  defined  average  sosentus  transfer  cross  section  appropriate 
for  conditions  of  thermal  non equilibrium.  The  quantity  g  can  be  de¬ 
rived  directly  for  the  notions  of  two  gases  having  distribution  functions 
f j  and  f j  by  the  equation 

S-jr*Alv m 

where  d  ^  sre  the  respective  velocity  space  volnam  elements  for  the 
two  velocity  distributions.  Tor  f ^  and  f^  representing  separate 
Maxwellian  velocity  distribution  functions  it  is  possible  to  inte¬ 
grate  equation  (9)  to  obtain* 


the  subscripts  applying  to  the  parameters  of  each  respective  gas. 


With  this  result  it  is  now  possible  to  synthesise  the 
necessary  expressions  for  the  average  energy  transfer  collision 
frequency  and  the  average  momentum  transfer  cross  section.  Through 
manipulation  of  equations  (1)*  (6),  (8),  and  (10)  the  latter  quantity 

becomes 
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where*  from  (2b), 


and  it  is  assisted  that  tj  •  ^  and  cj  ”  f  ^2* 
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9.- 


Bquation  (11)  is  the  generalization  of  the  momentum  transfer  cross 
section  to  situations  where  thermal  equilibrium  does  not  prevail 
between  gases  composed  of  particles  with  different  masses  and  dif¬ 
ferent  Maxwellian  distributions.  Under  a  condition  of  equilibrium 
we  may  take  which  reduces  immediately  to  the  standard  form  for 

the  average  momentum  transfer  cross  section  given  by  Dalgamo,  et  al. 
(1958) . 


In  a  similar  manner  the  comparison  of  equations  (1) ,  (6) , 
and  (8)  and  (11)  permits  the  recognition  of  the  average  momentum 
transfer  collision  frequency  as 
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or,  using  equation  (30), 
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which  represents  the  generalization  to  conditions  of  different 
Maxwellian  velocity  distributions  of  two  gases.  For  an  equilibrium 
state  such  as  T^®  T  andwith  p representing  the  two  particle  re¬ 
duced  mass, 
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which  is  a  factor  of  4/3  larger  than  the  total  scattering  collision 
frequency  derived  by  Chapman  and  Cowling  (1952).  This  same  factor  has, 
however,  been  noted  by  Mcolet  (1953)  in  an  analysis  of  electron  col¬ 
lision  frequencies  based  upon  an  analysis  of  collision  intervals  and 
diffusion  coefficients  derived  by  the  velocity  distribution  method. 


As  a  final  result  it  is  now  possible  to  express  equation  (1) 
in  terns  of  the  collision  frequency,  difference  in  energy,  and  mass 
factor  as 


sr  -  -  3”1 7— T  k(Tr  V  »!*•  <“> 

(m1-ha2) 

This  equation  represents  the  final  goal  of  the  derivation  since  we  now 
have  decomposed  the  general  equation  into  a  form  which  relates  to  different 
aspects  of  the  collision  process  for  energy  transfer. 

2.  Application  to  Electron  Energy  Transfer 


We  nrw  extend  the  preceding  equations  to  consider  the  pro¬ 
blem  of  an  electron  gas  mixed  with  another  gas  composed  of  heavy  par¬ 
ticles  such  that  m^  «  n^.  The  equations  derived  for  this  situation  will 
be  applicable  to  elastic  electron-neutral  and  electron-ion  collisions. 


From  equation  (11)  the  average  momentum  transfer  cross  sec¬ 


tion  becomes 


qd  ■  (ii^  /o  1,5  W  •'  2kI.  dv  •  0 

where  v  is  the  electron  velocity  since,  for  m^  «  m^,  the  relative 
velocity  g  is  determined  almost  entirely  by  the  motions  of  the  ■*- 
lectrons  alone. 

The  average  electron  collision  frequency  can  likewise 
be  obtained  from  equation  (14)  under  the  assumption  that 
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dependent  upon  the  electron  teisperature  alone. 

Finally,  the  rate  of  exchange  of  kinetic  energy  between  the 
electron  gas  and  the  second  gas  is  obtained  from  equation  (16)  as 
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or,  In  terms  of  Q^, 
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It  is  interesting  to  note  that  the  energy  transfer  collision 
frequency,  v^,  can  be  directly  related  to  the  theory  of  the  electrical 
conductively  of  a  plasma.  From  Shltarofsky,  et  al.  (1961)  the  equiva¬ 
lent  collision  frequency  of  electrons  which  limits  the  conduction  of  current 
in  a  plasma  subjected  to  a  weak  electric  field  can  be  derived  as 
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dv 


where  is  the  velocity  dependent  electron  collision  frequency  for 
momentum  traneF<»r  defined  in  equation  (4)  and  w  is  the  angular  fre¬ 
quency  of  the  applied  electric  field.  It  the  raJio  frequency  u  is 

2  2 

much  larger  than  the  collision  frequency  such  that  w  »  v  this 

e 

equation  reduces  to 
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which  is  exactly  the  same  as  the  electron  collision  frequency  given  in 
equation  (18).  Thus,  by  means  of  high  frequency  radio  experiments  in 
dilute  plasmas  it  should  be  possible  to  obtain  experimental  data  which 
can  be  used  directly  to  calculate  elastic  electron  energy  transfer  rates. 
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The  application  of  the  preceding  equations  to  the  problem 
of  determining  electron  collision  frequencies  and  energy  exchange  rates 
in  heavy  gases  is  made  in  the  following  sections.  First,  however,  it 
is  necessary  to  adopt  adequate  expressions  for  the  momentum  transfer 
cross  sections.  For  electron-neutral  collisions  there  exist  no  con¬ 
venient  analytical  results  and  it  is  necessary  to  analyze  existing 
laboratory  and  theoretical  results.  The  problem  of  Coulomb  collisions, 
however,  is  amenable  to  a  direct  theoretical  approach. 

III.-  ELECTRON  CROSS  SECTIONS  FOR  MOMENTUM  TRANSFER 

1.  Cross  Sections  for  Neutral  Particles 


Since  theoretical  methods  usually  do  not  yield  accurate  values 
of  q^  for  low  energy  electron-neutral  collisions  it  is  necessary  to 
rely,  upon  the  available  experimental  measurements.  Descriptions  of  the 
current  methods  used  to  obtain  momentum  transfer  cross  sections  for 
electron-neutral  collisions  can  be  found  in  Massey  and  Burhop  (1952), 
McDaniel  (1964),  and  Hasted  (1964).  As  has  been  emphasized,  it  is  the 
collision  cross  section  for  momentum  transfer  which  is  of  dominating 
importance  in  determining  the  form  of  the  energy  equations.  Unfor¬ 
tunately,  most:  early  experiments  were  designed  to  give  values c£  the 
total  scattering  cross  section  and  it  is  only  within  the  past  15  years, 
with  the  advent  of  the  microwave  conductivity  and  drift  velocity  methods, 
that  accurate  values  of  the  momentum  transfer  cross  section  have  been 
determined. 


In  the  following  sections  each  atmospheric  gas  is  considered 
separately  with  respect  to  electron  collisions  and  appropriate  expressions 
for  the  momentum  transfer  section  are  adopted. 
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1.1  Molecular _N it rogen 

The  results  of  theoretical  studies  and  experimental  measurements 
for  q  by  various  workers  over  the  past  28  years  are  given  by  Slikarofsky, 
et  al.  (1961).  Corrections  have  been  made  by  these  authors  for  the  velo¬ 
city  distributions  of  the  colliding  electrons  in  all  the  previous  experi¬ 
ments.  Nevertheless,  the  values  of  the  measured  cross  sections  vary  by 
as  much  as  65X.  More  recent  studies  have  been  based  upon  microwave 
and  electron  mobility  experiments .  These  methods  have  tended  to  produce 
much  more  consistent  data  and  are  capable  of  covering  a  wide  range  of 
electron  energies.  The  results  of  recent  experiments  are  presented  in 
Figure  1. 


At  low  electron  energies  in  the  range  0.003  to  0.05  ev,  Pack 
and  Phelps  (1961)  have  measured  the  drift  velocity  of  electrons  under 
the  influence  of  a  constant  electric  field.  Their  data  on  the  momen 
turn  cross  section  agree  well  with  the  earlier  measurements  of  Pack, 
et  al.  (1951)  who  used  a  microwave  conductivity  device  over  the  energy 
range  0.02  to  0.G3  ev.  Anderson  and  Goldstein  (1956a),  employing  a 
slightly  different  microwave  technique,  obtained  results  which  diverge 
from  other  work,  showing  a  substantial  increase  in  q^  at  low  electron 
energies.  When  the  work  of  Crompton  and  Huxley,  as  reported  by 
Shkarofsky,  et  al.  (1961),  and  Crompton  and  Sutton  (1952)  is  con¬ 
sidered,  it  appears  that  experimental  errors  probably  exist  in 
Anderson  and  Goldstein's  work.  Further,  Huxley  (1956)  obtained  re¬ 
sults  consistent  with  the  earlier  measurements  of  Crompton  and  Sutton 
end  the  later  data  of  Pack  and  Fhelps. 

Frost  and  Phelps  (1962)  and  Englebardt,  et  al.  (1964)  have 
used  a  method  of  integrating  the  Boltzmann  equation  to  choose  proper 
values  for  q^.  Their  method  consisted  of  adopting  appropriate  sets  of 
elastic  and  inelastic  cross  sections  and  then  solving  the  Boltzmann 
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equation  for  the  equilibrium  electron  velocity  distribution  function 
in  the  presence  of  an  electric  field  energy  source.  Next,  they  com¬ 
puted  the  electron  mobilities  and  diffusion  coefficients.  Since  these 
ar«  experiment ally  known  quantities,  the  theoretical  results  could 
be  coopered  with  the  measurements.  When  differences  existed,  sui¬ 
table  change*  were  made  in  the  cross  sections  until  consistent  re¬ 
sults  followed. 

I >r  electron  energies  between  0.02  ev  and  0.1  ev  the  daca 
of  Pack  and  Phelps  (1951)  can  be  represented  by  the  equation 

, _  .  ,  -16  1/2  2  .... 
q^  ■  13.8  x  10  c  cm  ,  (23) 

where  e  is  the  electron  energy  measured  in  electron  volts  (ev) .  For 
energies  above  0.1  ev  this  expression  leads  to  an  overestimate  of  the 
true  cross  section.  Fran  the  data  of  Bnglehardt,  et  al.  (1964)  a  sui¬ 
table  generalization  to  include  the  region  0.1  -  1.0  ev  is 

qQ  *  (18.3  -  7.3  e  )  6  x  10  cm  .  (24) 

Applying  equation  (17)  to  equation  (24)  yields 

Q^Nj)  -  (2.82  -  3.41  x  10'4Te)  Tg1/2  x  10~17  cm2  (25) 

In  essence,  this  result  represents  the  first  correction  to  the  work 

of  Pack  and  Ifcelps  (1961)  such  that  the  collision  frequency  and  energy 

loss  rate  can  now  be  evaluated  over  the  range  100°  T  <  4500°K.  For 
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low  tenpera tares  the  correction  term,  3.41  x  10  T^,  is  small.  At 

temperatures  above  20006K,  however,  there  is  a  significant  reduction 
of  the  cross  section  below  that  which  fc’lows  from  the  original  cross 
section  of  Pack  and  Phelps. 

1.2  M°lecular_0xygen 

The  results  of  all  experimental  and  theoretical  studies  of 
the  electron -molecular  oxygen  momentum  transfer  cross  section  conducted 
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prior  to  1958  have  been  compiled  by  Shkarofsky,  et  al.  (1961).  In 
general,  the  various  results  do  not  yield  consistent  values..  How¬ 
ever,  the  early  work  of  Crompton  and  Huxley,  as  reported  by  Cook  and 
Lorents  (1960),  ever  the  energy  range  0.2  to  2.0  ev  has  been  found 
to  agree  well  with  later  data.  In  particular,  Phelps  (1960)  ana¬ 
lyzed  the  9.3  Me  microwave  conductivity  data  given  by  Van  Lint  (1959) 
and  matched  it  to  an  assumed  first  power  dependence  upon 3  the  electron 
velocity  to  determine  a  single  particle  collision  cross  section. 

Recently,  Mentzoni  (1965)  has  made  a  direct  measurement  of  the  elec¬ 
tron  collision  frequency.  By  assuming  the  cross  section  to  be  pro¬ 
portional  to  the  electron  energy,  he  found  a  collision  cross  section 
which  was  a  factor  of  1.6  smaller  than  that  given  by  Phelps. 

Phelps  (1963)  conducted  an  analysis  using  the  Boltzmann  e- 
quation  to  evaluate  the  drift  velocity  and  ratio  of  the  diffusion 
coefficient  to  the  electron  mobility.  By  adjusting  the  various 
cross  sections,  he  was  able  to  find  agreement  between  predicted  and 
measured  values.  Phelps  and  Hake  (1965)  repeated  the  analysis  using 
more  refined  measurements  of  electron  mobility  and  diffusion  coefficients. 
Their  results,  shown  in  Figure  2,  should  be  accurate  to  within  20% 
in  the  electron  energy  range  0.2  a  e  a  2.0  ev.  A  difficulty  arisesj|| 
in  adopting  a  simple  expression  to  represent  the  energy  dependence 
of  the  cross  section.  As  a  first  approximation  a  good  fit  to  the 
experimental  data  is 

qD  -  (2.2  +  5.1  e1/2)  x  10~16  cm2  (26) 

over  the  energy  range  0.02  a  e  a  1.0  ev.  From  equation  (II)  Qp  is 
given  by 

Q_  (0J  -  2.2  x  10~16  (1  +  3,6  x  lo'2  T  1/2)  cm2  , 

and  applies  for  150°  *  T  a  5000* , 

0 


(27) 
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1.3.  Atomic  Oxygen 


There  are  several  experimental  results  fcr  the  values  or 
the  total  scattering  cross  section,  q^,  in  atomic  oxygen,  but  none 
for  the  momentum  transfer  cross  section  since  the  chemical  acti¬ 
vity  of  oxygen  makes  Measurements  difficult  in  any  closed  container. 
Neynaber,  et  al.  (1961)  conducted  «  total  scattering  experiment  but 
no  data  were  taken  below  electron  energies  of  2  ev,  fer  ebcve  the 

thermal  energies  of  the  upper  atmosphere.  At  this  energy  it  was 
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found  that  q^  *  5.5  x  10  cm  .  Another  experiment  by  Lin  and 

Kivel  (1°59)  was  made  at  a  lower  energy.  They  found  a  momentum 
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transfer  cross  section  of  1.5  x  10  cm  et  a  mean  electron  ener¬ 
gy  of  0.5  ev. 


From  quantum  theory,  Klein  and  Bruckner  (1958)  derived  a 
method  of  relating  scattering  phase  shifts  to  measurements  of  photo- 
detachment  cross  sections.  It  was  later  pointed  out  fcy  Cooper  and 
Martin  (1962)  that  the  calculate!  photodatachment  cross  sections  did 
not  match  recent  results  and,  further,  that  the  effective  range  theory 
used  by  Klein  and  Bruckner  was  not  valid  at  low  electron  energies. 
Cooper  and  Martin  then  recalculated  the  entire  problem,  obtaining 
new  values  of  the  phase  shifts.  In  the  absence  of  direct  experi¬ 
mental  results  these  values  can  be  used  to  obtain  an  expression  for 
the  momentum,  transfer  cross  sectior,  -according  to  the  relation  (Me Denial , 
1964) 
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e  e 


is  the  quantum  mechanical  wave  number  of  relative 


Where  k,  ■  , 

1  h 

motion,  h  is  Planck's  constant,  L  is  the  angular  momentum  quantum 
number,  and  6L  is  the  L-th  wave  partial  wave  phase  shifts  of  the  ra¬ 
dial  solution  to  SchrtJdinger 's  equation. 
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Teakin  <1959)  alto  approached  the  problem  in  a  theoretical 

nonner  and  made  a  calculation  of  the  S-wave  contribution  to  the  total 

scattering  cross  section.  He  compared  his  results  with  those  of 

Bates  and  Massey  (1947)  and  concluded  that  the  true  value  of  the 

total  scattering  cross  section  was  bracketed  by  the  two  calculations. 

The  results  of  these  calculations  are  shown  in  Figure  3.  To  give  an 

indication  of  the  true  value  of  q^,  the  vt.ues  of  P-wave  phase  shifts 

given  by  Cooper  and  Martin  have  been  added  to  the  S-wave  values  of 

Teak in ,  and  Bates  and  Massey.  The  values  for  the  scattering  phase 

shifts  given  by  Cooper  and  Martin  are  accepted  here  as  providing  a 

basis  for  determining  the  momentum  transfer  cross  section  for  atomic 

oxygen.  Extrapolating  from  the  good  agreement  found  by  these  authors 

for  the  problem  of  negative  ion  photodetachment,  it  appears  that  the 

error  involved  in  using  the  theoretical  phase  shifts  for  determining 

qQ  should  be  less  than  30£  for  electron  energies  below  0.5  ev.  Thus, 

it  does  not  appear  unreasonable  to  accept  an  average  value  of 
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qQ  ■  (3.4  +  1.0)  x  10  cm  for  electrons  in  atomic  oxygen.  Using 
this  expression  the  average  momentum  transfer  cross  section  becomes 

Qd(C)  -  <3.4  +  1.0)  x  10"16  cm2,  (29) 

independent  of  the  electron  temperature  for  <  4000°K. 

1.4.  Atomic  Hydrogen 

No  experimental  measurements  have  been  made  for  the  electron- 
hydrogen  momentum  transfer  cross  section.  However,  recent  theoretical 
treatments  of  electron  scattering  in  hydrogen  have  produced  predicted 
total  cross  sections  which  are  in  good  agreement  with  the  measured 
total  cross  section  as  determined  by  Neyaber,  et  al.  (1961)  and 
Brackaan,  ct  al.  (1958).  Thus,  the  error  involved  in  ualng  the  same 
partial  wave  phase  shifts  to  determine  the  momentum  transfer  cross 
section  by  means  cf  equation  (28)  should  not  be  large.  Two  similar 
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thecretical  calculations  of  the  scattering  phase  shifts  for  electrons 
in  atomic  hydrogen  have  been  published  by  Snith,  et  al.  (1962)  and  Burke 
and  Sehey  (1962).  Both  derivations  employ  a  close  coupling  approcimation 
where  the  scattering  wave  function  is  expanded  in  terns  of  hydrogen 
atctt  stationary  eigenstates.  For  the  present  treatment,  the  results 
of  Smith  et  al.  are  used. 

In  calculating  q^  from  the  partial  wave  phase  shifts  for 
arcade  hydrogen  it  is  necessary  to  include  both  the  singlet  and 
triplet  contributions  to  the  scattering.  Using  equation  (28)  with 
the  proper  weighting  factors  yields  a  form  for  q shown  in  Figure  4. 

A  suitable  analytic,  expression  for  the  energy  dependence  is 

qQ  -  (54.7  -  28.7  e)  x  l<f16  cm2,  (30) 

which  gives  a  cross  section  considerably  larger  than  that  found  for 
the  other  atmospheric  constituents.  Using  this  expression  the  average 
momentum  transfer  cross  section  is 

<L(H)  «  (54.7  -  7.45  x  10~3  T  )  x  lo'16  cm2  ,  (31) 

D  e 

over  the  temperature  range  150*  £  T  5000°.  Itis  difficult  to  assess 

_  e 

the  error  involved  in  deriving  but  an  arbitrary  estimate  of  +  25%, 
based  on  the  correspondance  between  theoretical  and  experimental  results 
for  the  total  cross  section,  should  give  a  reasonable  indication.  A 
difficulty  is  noted,  however,  in  that  there  exist  no  reported  measurements 
of  the  scattering  cross  sectlu^  below  1  2v,  and  it  is  possible  that  there 
may  be  errors  in  the  application  of  theoretical  values  to  this  region. 

1.5.  Helium 


The  experimentally  determined  values  for  are  in  good  agreement. 
Pack  and  Phelps  (1961)  conducted  an  electron  drift  experiment  over  the 
energy  range  0.003  <  e  <  0.05  ev  obtaining  a  constant  cross  section  of 


MOMENTUM  TRANSFER  CROSS  SECTION 


L«r*y  Dependant  Momentum  Transfer  Cross  Section  for  Slactrons  ia  Atomic  Hydrogen 
irr«  la  calculated  on  the  basis  of  phase  shifts  gi"  an  by  Smith,  at  al,  0-962). 
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5.6  x  10  css  .  Phelps i  et  al.  (1951)  performed  a  microwave  conductivity 

experiment  over  the  range  0.02  <  e  <  0.04  ev,  finding  virtually  the 

save  value.  Gould  and  Brown  (1954)  made  a  separate  determination  by 
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a  different  microwave  technique  which  gave  the  value  5.2  x  10  cm 

for  all  energies  between  0.0  and  4.0  ev.  Anderson  and  Goldstein  (1956b) 

made  microwave  conductivity  measurements  down  to  electron  energies  of  0.05  ev 
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and  found  a  constant  cross  section  of  6.8  x  10  cm  . 

Thus,  for  the  case  of  electron-helium  scattering,  it  appears 
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reasonable  to  accept  the  value  ■  (5.6  +  0.6)  x  10  cm  ,  corres¬ 

ponding  to  an  uncertainty  of  10X,  over  the  energy  range  0,0  to  5.0  ev. 

The  average  momentum  transfer  cross  section  is 

QD(He)  »  (5.6  +  0.6)  x  Uf 16  cm2  ,  (32) 

independent  of  the  electron  temperature. 

The  values  of  for  the  different  geses  considered  here  are 

shown  in  Figure  5  as  a  function  of  electron  temperature.  The  largest 

cross  sections  are  associated  with  H  and  N. ,  these  reaching  values 
•16  2  -16  2  ^ 

of  60  x  10  cm  and  12  x  10  cm  ,  respectively.  The  cross  sections 
of  He  an  0  ar®  essentially  constant  over  the  range  of  temperatures  in¬ 
dicated  here.  However,  there  oust  exist  some  uncertainly  in  the 
velocity  dependence  of  qQ  for  several  gases.  For  and  0^,  the  un¬ 
certainty  in  should  be  less  than  201  (Bnglehardt,  et  al.  1964  ; 

Phelps  and  Hake,  1965)  while  for  He  a  value  of  101  is  adequate.  It 
is  difficult  to  assess  the  possible  error  in  the  quantum  calculations 
of  for  H  and  0  but  the  previous  arbitrary  estlaates  of  +  25X  and  + 

30X,  respectively,  should  be  reasonable.  In  fact,  further  experimen¬ 
tal  studies  of  H  and  0  are  needed  to  check  the  theoretical  cross  sec¬ 
tions  presented  here. 


AVERAGE  MOMENTUM  TRANSFER 


Average  Momentum  Transfer  Cross  Sections  for  Electrons.  These  curves  result  from  applying 
the  velocity  averaging  techniques  described  in  the  text  to  the  experimental  and  theoretic, 
electron  cross  section  data. 
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2,  Cross  Section  for  Charged  Particles 


The  momentum  transfer  cross  section  for  charged  particles 
of  arbitrary  Bass  can  be  derived  through  a  knowledge  of  the  differen¬ 
tial  scattering  cross  section  and  application  of  equations  (2c)  and 
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(11).  For  electrical  forces  the  interaction  varies  as  r  and  the 
lutherford  differential  scattering  cross  section  applies  in  the 
form  (McDaniel,  1964) 


(33) 


p  trio  p*rticJe  reduced  mass,  Z.  _  are  the  respective  atomic 

'•'>  \  _  1,2 

-/  cfeAtgae*.  is  the  e’r^trou  charge,  and  9  is  the  center  of  mass  scattering 
Applyia*' to  equation  (2)  yields 


The  norm!  1.&  of  integration  for  equation  (2)  should  cover  all 


scattering  angles  between  0  and  n  radians.  However  it  is  found  that 

the  U8«  of  zero  for  the  lower  limit  causes  the  Coulomb  integral  to 

diverge.  To  prevent  this,  the  integration  is  arbitrarily  truncated  at 

a  minimum  angle,  9  ,  whose  value  oust  be  determined  from  the  oara- 
m 

meters  of  the  charged  particle  gas.  From  Bachynski  (1965)  the  relation 
between  the  impact  parameter,  b,  the  scattering  angle,  6,  and  the 
relative  velocity, g,  is  given  by 


2 

(1  -  cos  9)  -  - - .  (35) 

i  +  (b/b y 

Z  Z  e2  0 

12 

where  b  -  —3 — ~  using  previously  defined  quantities.  From  this 

O  2 

equation  it  iH®seen  that  tl  :  minimum  scattering  angle,  9  ,  is  deter- 
mined  by  the  maximum  value  of  the  impact  parameter  b.  As  discussed 
bu  Montgomery  and  Tidman  (1964) ,  collisions  leading  to  large  scattering 
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angles  are  rare  in  a  plasaa  since  Che  long  range  Coulcab  force  tends 

to  deflect  the  slow  thermal  particles  only  through  snail  angles.  A 

good  approximation  is  that  b  »  b  ,  with  the  result  that  equation  (34) 

o 

bee  ones 


(1 


cose  ) 

a 


(36) 


where  t  is  the  maximum  impact  parameter  corresponding 


e  . 

a 


Several  different  approaches  have  been  taken  to  relate  the 
characteristic  parameters  of  the  plasaa  to  the  maximum  impact  para¬ 
meter  b. .  Chapman  and  Cowling  (1952)  assumed  that  the  maximum  inter¬ 
action  distance  was  limited  to  the  average  interparticle  spacing. 

This  ignored,  however,  the  influence  of  the  longer  range  collisions 
which  are  responsible  for  the  small  angular  deviations  of  the  electrons. 
A  more  accurate  treatment  was  introduced  by  Cohen,  et  a"..  (1950)  who 
took  into  consideration  the  shielding  of  charge  due  to  electrostatic 
polarization  effects.  By  means  of  Poisson1 s  equation  in  conjunction 
with  the  Boltzmann  equation  for  nearly  equilibrium  conditions,  it 
can  be  shown  (Salpeter,  1963)  that  the  potential,  <p(r)  of  a  particle 
of  charge  Z^e  at  an  origin  of  coordinates  within  a  plasma  is  given  by 


V 


<P(r)  -  — -  exp  (-r/Xp)  , 


(37) 


where  r  is  the  radial  separation  distance  and  is  the  Debye  shielding 
distance,  defined  as 


4ne 


+ 


(38) 


with  T  .  the  respective  Maxwellian  temperatures  and  n. rf.  the  number 

1  |Z  liL 

densities.  For  a  plasma,  the  Debye  length  represents  the  maximum 
distance  over  which  microscopic  density  fluctuations  are  correlated 
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by  random  electric  fields.  The  Debye  length  can  also  be  interpreted 
as  a  measure  of  the  effective  range  of  the  Coulomb  interaction  between 
two  charged  particles.  Cohen,  et  al.  (1950)  essentially  prove  this 
and  conclude  that  the  Debye  length  should  be  used  in  equation  (34)  as  the 
maximum  impact  parameter.  Therefore, 


for  the  velocity  dependent  momentum  transfer  cross  section.  This 
equation  is  a  general  relation  for  particles  of  arbitrary  mass  and 
can  be  used  for  electron-ion,  electron-electron,  and  ion-ion  inter¬ 
actions. 


The  argument  of  the  logarithm  in  equation  (39)  can  be 
rewriten  in  terms  of  the  energy  e  of  two  colliding  particles,  as 
viewed  in  the  center  of  mass  system,  in  the  form 


H8 


Z  Z  e 
12 


*D 


2e 


ziz2e 


V 


(40) 


This  term  is  common  to  all  calculations  of  ionized  gases  and,  accor¬ 
ding  to  Chapman  (1956),  can  introduce  a  possible  error  of  107.  into 
the  derivation  of  the  cross  section.  Table  1  lists  the  values  of 
In  A  for  various  particle  energies  and  Debye  lengths. 

For  the  ionospheric  conditions  of  particle  energies  and 
Debye  lengths,  it  is  found  that  most  normal  variations  lie  within 
the  indicated  uncertainty  of  10%  at  15.0  ±  1.5.  However,  for  some 
problems  involving  very  energetic  photoelectrons,  a  higher  value 
may  be  required. 
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Table  1  Values  of  In  A 


\  X  (cm) 
c  (ev) 

0.1 

0.5 

i. 

2. 

5. 

10. 

20. 

50. 

100. 

lxlo"2 

9.5 

11.1 

11.8 

12.5 

13.5 

14,1 

14.8 

15.8 

16.4 

Sxio'2 

11.1 

12.8 

13.5 

14.1 

15.1 

15.3 

16.4 

J  U.4 

18.1 

lxlo”1 

11.8  f 

13.5 

14.1 

14.8 

15.8 

16.4  | 

f  17.1 

18.1 

18.8 

5xlO_1 

13.5 

15.1 

15.8 

16.4 

..  -  _ 1 

j  17.4 

18.1 

18.8 

19.7 

20.4 

1x10° 

14.1 

15.8 

16.4  j 

|  17.1 

18.1 

18.8 

19.4 

20.4 

21.1 

5x10° 

15.8 

17.4 

18.1 

18.8 

19.7 

20.4 

21.1 

22.0 

22.7 

lxlO1 

16.4 

18.1 

18.8 

19.4 

20.4 

21.1 

21.7 

22.7 

23.4 

5xlOl 

18.1 

19.7 

20.4 

21.1 

22.0 

22.7 

23.4 

24.3 

25.0 

IxlC2 

18.8 

20.4 

21.0 

21.7 

22.6 

23.4 

24.0 

24.9 

25.7 

With  equations  (20)  and  (39)  it  is  possible  to  derive  for 
two  gases  in  the  different  Maxwellian  temperatures.  The  result  is 


!  ffiv! 

2  V  H 


In  A 

7^  kT  X  2 


(41) 


and  is  valid  for  particles  of  arbitrary  mass  and  charge.  An  interesting 


feature  of  this  cross  section  is  its  rapid  decrease  with  increasing  gas 


temperatures . 


For  electron-ion  scattering  this  equation  nay  be  reduced  by 
taking  T^/m^  »  Zi  *  1»  z2  "  Zi’  giving 

„  2 


Qd  («-i)  “  j 


n  (Z,e  )  In  A 


(42) 


(kT  ) 


dependent  only  vpon  the  electron  temperature.  Numerically  thie  becomes, 
with  In  A  ■  15, 
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Q^(e-i)  -  (6.6  +0.6)  lo"5/T2  cm2  (43) 

A  brief  comparison  can  be  made  here  regarding  the  relative 

importance  of  electron -neutral  and  electron-ion  collisions.  For  nu- 

"16  2 

merical  purposes  a  general  electron-neutral  cross  section  of  5x10  cm 
is  adequate.  Thus,  the  ratio  of  the  electron-neutral  cross  sections 
can  be  written  as 

R  -  Q  ./Q  -  1.3  x  IQ11/  T2  .  N  (44) 

el  en  e 

Since  the  electron  temperature,  T^,  generally  assumes  values  between 

250°  and  3600°K  in  the  upper  atmosphere,  we  see  that  the  ratio  of  the 

6  4 

cross  sections  varies  from  2x10  to  1x10  .  This  implies  that  the 

effects  of  electron-ion  collisions  will  become  important  when  the 

-7  -4 

ratios  of  the  ion  to  neutral  densities  reach  5x10  and  1x10  , 

respectively. 


if 

i 


t 


\ 


4.-  ELECTRON  COLLISION  FREQUENCIES  AND  ENERGY  TRANSFER  RATES 


1.  Neutral  Gases 

The  momentum  transfer  cross  sections  for  electron-neutral 
collisions  which  were  adopted  in  the  previous  section  can  be  used 
to  arrive  at  expressions  for  the  electron  energy  transfer  collision 
frequencies  and  energy  transfer  rates.  Tables  2  and  3,  respectively, 
give  the  final  results. 

A  comparison  of  these  values  can  be  made  with  those  previously 
reported.  Care  must  be  taken,  however,  to  consider  only  elastic  energy  loss 
processes  since,  as  shewn  by  Gerjuoy  and  Stein  (1955)  and  Frost  and  Phelps 
n963)  ,  the  Impact  exciatatlon  cf  rotational  and  vibrational  states  in 
.^atomic  molecules  can  be  an  efficient  energy  loss  process  for  an  elec- 


t 

i 


s 


tron  gas . 
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Table  2 


Electron  Collision  Frequencies  (sec 


2 

2 


0 


H 


He 


V  -  2.33xlO~U  n(N.)  [l  -  1.21xlo'4  T  ]  T 
e  2  u  a  e 

v  -  1.82xlo"10  n(0,)  [1  +  3.6xlo’2  T  1/2]  T  1/2 

6  4  9  d 

v  -  2.8xl0-10  n(0)  T  1/2 
e  e 

v  «  4.5xl<>‘9  n(H)  [l  -  1.35xl(f4  T  j  T  1/2 

v  -  4. 6x10  10  n(He)  T  x/2 
e  e 


-3  -1 

Table  3  Elastic  Electron  Energy  Transfer  Rates  (ev  cn  sec  ) 

N,  :  dU  /dt  -  -  1.77xlO-19  n  n(H.)  [l  -  1.21xl0_4  T  ]  T  (T  -  T) 

2e  e  2  eee 

O,  s  dD  /dt  -  -  1.21xl0‘18  n  n(0.)  [l  +  3.6xlo'2  T  1/2]  T1/2  (T  -  T) 

Z  e  e  2  6  6  * 

1/5 

0  :  dD  /dt  -  -  3.74x10  n  n(0)  T  (T  -  T) 

e  eee 

H  :  dD  /dt  -  -  9.63xl0"16  n  n(H)  [l  -  1.35xl0~4  T  ]  T  1/2  (I  -  T) 
e  e  e  e  e 

He  s  dO  /dt  -  -  2.46xl(f 17  u  o(He)  T  1/2  (T  -  T> 
e  eee 

For  Dalgarno,  ef  al.  (1963)  used  an  energy  loss  equation 
which  was  based  upon  the  cross  section  measurements  of  Pack  and 
Phelps  (1961) .  This  gave 


’ g-  *  -  9.65xl0"ZO  Tg(Te-  I)  n(N2>  r.e  ev  cm"3  sec"1  (45) 

A  discrepancy  is  noted)  however,  if  one  uses  the  value  of  Q^,  given 
in  equation  (25) ,  which  is  also  valid  for  the  low  temperatures  where 
the  data  of  Pack  and  Phelps  (1961)  apply.  It  appears  that  equation  (45) 
is  a  factor  of  1/2  smaller  than  would  be  fo'md  through  application  of 
the  energy  transfer  rata  given  by  equation  (18).  Hence,  it  is  found 


.  <•  tic  •  •  ,  .  ■  ■  .  .  ,,  ....  ,..yt  rent,/. 
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that  equation  (45)  underestimates  the  elastic  energy  transfer  rate 

for  T  <  3600°K. 
e 

In  considering  ,  Dalgarno,  et  al.  (1963)  adopted  the  value 


dll  (0  ' 

— — i—  m  -  6.1x10  T  (T  -  T)  n(0„)n  ev  cm  ^  sec  (46) 
dt  e  e  2  e 

based  upon  the  microwave  studies  of  A.V.  Phelps  (Dalgarno,  1961). 

This  equation  yields  energy  loss  rates  which  are  20  to  301  larger 

than  those  given  in  Table  3.  This  difference  arises  from  the  use 

here  of  never  cross  section  data  and  the  application  of  the  exact 

energy  transfer  equation. 


The  problem  of  electron  energy  loss  in  atomic  oxygen  has 

been  considered  by  Hanson  and  Johnson  (1561)  ar.d  Hanson  (1963)  .  In 

•  16  2 

the  latter  paper  a  cross  section  of  2x10  cm  was  adopted,  leading 
to  an  energy  transfer  rate  of 


dU  (0) 

_ £ _ 

dt 


-18  1/2  -3  -1 

1.42x10  T  (T  -  T)  n(0)n  ev  cm  sec 
e  e  c 


(47) 


If,  however,  equation  (10)  had  been  applied  with  the  stated  crjss 

section,  this  rate  would  be  a  factor  of  1.55  greater.  In  the  same 

-17  2 

way,  Dalgarno,  et  al.  (1963)  took  a  cress  section  of  6x10  ca 
and  arrived  at  the  expression 


dU  (0) 

e 

dt 


-18  i/2  -3  -1 

-  1.3x10  T  (T  -  T)  n(0)n  ev  cm  sec 
e  e  e 


(48) 

Again,  the  direct  use  of  their  cross  section  in  equation  (18)  leads 
to  the  value 


dO  (0) 
e 


6.6x10 


-19 


(T  -  T)  n(0)n 
c  e 


-3 

ev  cm 


-1 

sec 


(49) 


dt 
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vhleh  la  a  factor  o*  3.7  lever  than  tha  peasant  rata.  However,  If  tha 
raca  glvan  by  aquation  (48)  la  thalr  final  result,  than  tha  actual  mo - 
aantua  transfer  cross  a act ion  uaad  waa  1.8x10”**  cm2  which  la  oloaa  to 
tha  value  adopted  here. 

Pov  atomic  hydrogen  end  helium  there  appear  to  be  no  de* 
terainatlona  of  energy  transfer  ratea  which  could  be  uaed  for  compa- 
rlaon  with  thia  work. 


2.  fihmal  laiiialii-gfiiift 


Ualng  the  prevloua  value  for  QD»  the  charged  particle  col- 
11a Ion  frequency  of  a  particle  of  seas  a.  In  a  gaa  of  partlclea  of 

•a a a  a^  la 


In  A 


kTi^  3/2 

V*1  *2  ' 


(30) 


To  reduce  thla  to  electron- Ion  acattarlng  we  take  T  /■  »  T./a. 
and  2^-1  giving 


v 

e 


(Ite2)2  In  A 


(kT#) 


3/2 


(31) 


or,  numerically  with  In  A*.  13., 


\  -  (34.  ±  5.)n1/TtS/2  sec"1.  (32) 

Thla  reault  agree a  with  that  derived  by  Mlcolet  (1933)  from  the 
work  of  Chapman  and  Cowling  (1952). 


There  have  been  three  experimental  atudlea  which  have  eub- 
atantlated  the  expreaaion  adopted  here.  Anderaon  and  Coldeteln  (1936a) 
conducted  microwave  experiments  in  a  decaying  nitrogen  plaaaa  and 
found  a  collision  frequency  which  agrees  with  equation  (52)  to  within  101. 
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Ch«o  (1964)  has  reported  a  more  raflnad  experimental  cachnlqua  which 
pitalttcd  hi*  co  aaaaura  tha  alac cron -Ion  collision  frequency  in  a 
aaoo  plaaaia.  Ha  found  that  aquation  (31)  correctly  rapraaanCa  tha 
eolllalon  frequency  over  a  wide  range  of  temperatures  and  ion  den* 
alclaa.  Tha  numerical  ratulta  of  hit  experiments  agree  to  within  (X. 
Mantaonl  (1963)  haa  alto  baan  abla  to  eor.flrm  tha  validity  of 
aquation  (52)  to  within  tha  Indleatad  accuracy  of  10X. 

Tha  anarfy  tranafar  rata  batwtan  two  charged  gates  having 
Maxwellian  velocity  distributions  but  no  restriction  on  tha  tempera¬ 
tures  or  *aaaaa  la 


dU. 


tfiV2)2 


rr“  ■  -  4  V2n  an, 
dt  *  1  2 


In  A 


k(T  -  TJ 


1  2'zkT  W  .  3/2  * 


(33) 


which,  for  alac cron- ion  energy  transfer,  reduces  to  tha  wall  known  form, 


dO 


1/2 


ttt«V  In  A 


-  -  4  VT*  Vl •  Mt.-Ij)  ^  >3/j 


Numerically,  this  bacoaMs  for  singly  charged  ions, 


(54) 


d®  .t  CT  *  2.)  _-J  .1 

■  -  (7.7  ±  0.8)  x  10  . f  ev  cm  sac  (55) 

AiTa 

where  is  tha  Ion  atomic  mass  In  aau. 

It  Is  Interesting  to  nota  that  for  a  fixed  temperature 
In  aquation  (53)  there  occurs  a  maximum  energy  transfer  rata  which, 
for  tha  general  case,  la  found  at  a  temperature  ■  (3  +  lUj/m^Tj. 
For  electron-ion  energy  tranafar  this  reduces  to  tha  usual  result  that 
T#  •  3T^.  This  analysis  Ignores,  however,  the  contribution  of  the 
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tamperatura  dependence  of  the  cant  In  A.  For  electron-ion  energy 
tranafar  Inclusion  of  chia  affaet  Uadi,  for  la  A  -  13,  to  tha 
ralatloo  T#  ■  S.5  Ij,  an  increase  In  tha  critical  temperature  by  16X. 

Tha  importance  of  aquation  (33)  llaa  In  tha  poaalblllty  of 
deecrlblng  all  chargad  partlcla  energy  tranafar  In  tenui  of  one  general 
result  |  tha  reduction  to  electron-ion,  alactron-aiactron,  or  ion- ion 
eajaa  being  aiada  o imply  through  a  proper  '.ehoMAf  eubierlpta,  charges  and 
man  ratine. 

V.-  SUMMIT  AND  CONCLUSIONS 


It  haa  bean  shown  that  a  suitable  synthesis  can  bo  made 
of  tha  elastic  energy  transfer  equation  such  that  a  generalised 
energy  transfer  collision  frequency  can  be  defined  for  conditions 
of  thermal  nonaqulllbrlum.  In  considering  the  specific  problem  of 
electron -neutral  collisions  it  was  necessary  to  analyse  both  labo¬ 
ratory  data  and  theoretical  studies  of  scattering  phase  shifts  in 
order  to  arrive  at  satisfactory  expressions  for  tha  averags  momen¬ 
tum  tranafar  cross  sections.  Thus ,  while  for  N^*  0^,  and  He  arc 

founded  upon  experimental  results*  the  values  for  0  and  H  have  been 
newly  derived  from  the  recant  theoretical  calculations  of  scattering 
phase  shifts. 

Tha  derivation  of  tha  charged  particle  momentum  transfer  cross 
section  was  shown  to  follow  from  tha  *rd  expression  for  the  Rutherford 

differential  scattering  cross  section  and  the  final  expressions  are 
valid  for  charged  gases  of  arbitrary  temperatures  and  particle  masses* 
relativistic  effects  being  ignored.  A  comparison  of  the  electron-ion 
and  electron-neutral  cross  sections  was  made  to  indicate  the  much  lar¬ 
ger  value  which  is  associated  with  charged  particle  collisions. 
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Using  the  different  momentum  transfer  cross  sections 
electron-neutral  collision  frequencies  and  energy  transfer  rates 
were  derived  and  compared  with  expressions  previously  used.  In 
general ,  the  differences  between  various  authors  can  be  as  large 
as  a  factor  of  two. 

The  problem  of  ion  collision  frequencies  and  energy 
transfer  will  be  discussed  in  a  subsequent  paper. 
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